Epitaxial thin films of PrBa 2 (Cu 0.8 Al 0.2 ) 3 O 7 have been vacuum deposited by rf sputtering on the LaAlO 3 substrates. Though electrically much more resistive, these Al-substituted films are all of orthorhombic structure and epitaxial quality on various oxide substrates, much like YBa 2 Cu 3 O 7 and PrBa 2 Cu 3 O 7 grown under similar conditions. The samples appeared to be shiny and dark as observed with the naked eye, but their electrical resistivity, (T), ranged from ϳ1 ⍀ cm at room temperature to about six orders of magnitude higher at Tϳ30 K. From the (T) functional for both the target and the films, which, by and large, follows Mott's T Ϫ1/4 law with their own relevant material constants, we believe that the mechanism of electrical conduction was mainly through variable range hopping. This suggests that the substitution of Al has caused extensive localization of charge carriers. The localization radius is ϳ0.2 nm while the hopping distance is ϳ3-9 nm.
Effective insulators structurally and chemically compatible to oxide superconductors, such as the PrBa 2 Cu 3 O 7 ͑PBCO͒ and YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒ pair, are crucial to the realization of superconducting tunneling junction devices. For example, with electrical resistivity ͑͒ of 1 M⍀ cm, a 1 nm thick tunneling barrier of 1 mϫ1 m cross section area would provide only 10 M⍀ of resistance, many orders of magnitude too low to efficaciously prevent resistive shunt. There is thus an incentive to seek enhanced electric insulation without compromising various existing compatibilities between the superconductor and the insulator.
Earlier studies indicated that pure PBCO and Y 1Ϫx Pr x Ba 2 Cu 3 O 7Ϫ␦ with xϾ0.55 both behaved like a semiconductor or an insulator.
1 Ensuing investigations, though largely fruitless in retrospect, were then focused on explicating the suppressed superconductivity in PBCO. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In 1996, a confounding discovery of inhomogeneous superconductivity was reported in PBCO thin films prepared by pulsed-laser deposition with T C Ϸ92 K, 12 which was corroborated by the work on bulk PBCO crystals grown by traveling-solvent floating-zone method. 13 Subsequently, proximity effect was also observed in PBCO when in contact with a superconductor; 14 deterioration of insulating properties persists for PBCO films as thick as 200 nm in a YBCO/ PBCO multilayered structure. This, many believed, occurred as a consequence of atomic orbital hybridization that rendered the Pr-based insulator a conductor or superconductor if in good contact with YBCO.
14 A crucial question to ask thereof is whether PBCO would continue to be an effective insulator when in contact with YBCO, and, if so, is it insulating enough?
Our approach in this work to improving the insulating property of PBCO is through partially substituting Cu with atoms of higher valence such as Al. We believe that when a sufficient fraction of holes are filled, PBCO would become a good insulator even in contact with YBCO superconductors. In a previous systematic doping study on The base pressure of the deposition chamber was 1.1 ϫ10 Ϫ7 Torr. The films grew at 725°C to 750°C for 3.3 h under an oxygen partial pressure of P O 2 Ϸ100 mTorr ( P O 2 : P Ar ϭ1:2) and were then annealed at 500°C with P O 2 Ϸ300-500 Torr. We selected ͑001͒ LAO as the substrate because of its small mismatch with PrBa 2 (Cu 0.8 Al 0.2 ) 3 O 7 both in lattice parameters and thermal expansion coefficients. Indeed, a second-order phase transition occurs in LAO at T ϭ527°C, 18 which is within our processing temperature regime, but there is no abrupt volume changes at the transition. Furthermore, surface steps and inherent twins did not prevent the growth of highly c-axis oriented growth. In fact, the existence of twins on the substrate surface may even foster the release of energy arising from the build up of strains at filmsubstrate interfaces. 19 We have utilized x-ray diffraction ͑XRD͒, Rutherford backscattering spectrometry ͑RBS͒, atomic force microscope ͑AFM͒, and four-probe electrical measurements to characterize the crystal structural, morphological, and electrical transport properties of the films. Typical two-circle XRD -2 scans of the PrBa 2 (Cu 0.8 Al 0.2 ) 3 O 7 films on the ͑001͒ LAO substrates would show only the ͑00ᐉ͒ peaks, with full width at half maximum of the ͑005͒ rocking curve Ϸ0.27°. Meanwhile, the sharply defined spots from the pole figure analyses, such as the ͕111͖ peaks on the ͑001͒ pole figure of the film shown in Fig. 1 , all suggest that the films indeed have high degree of c-axis oriented epitaxy. Figure 2 shows the AFM surface morphology of a typical PrBa 2 (Cu 0.8 Al 0.2 ) 3 O 7 thin film. The measured root-meansquare surface roughness from a 30 mϫ30 m scan is about 3.8 nm. The crystallinity of the epitaxial film was also analyzed by ion channeling using a 3.05 MeV He ion beam. Figure 3 shows the Rutherford backscattering spectra of the film with crystallographic axes of the sample either off the direction of incident ion beam, labeled as the random spectrum, or orientated along a certain sample axis, labeled as the aligned spectrum. The random spectrum reveals many convoluted steps corresponding to the Pr and Ba, or Cu and La due to their similarity in atomic numbers. The La and Cu signals from the aligned spectrum do appear as small but distinctive peaks, a common consequence of surface scattering of the bombarding ions. The typical minimum yield of backscattered ions on channeling, min , defined as the ratio of aligned signal counts to random signal counts, is about 6.5% with data taken from just behind the Pr surface peak. This value attests the commendable quality of epitaxy, considering that the deposition conditions have not yet been optimized. As a comparison, other work in our laboratory on the c-axis oriented YBCO thin films usually gave min Ϸ2% under a more or less optimal deposition condition. , where 0 and T 0 are material dependent constants, which suggests that the transport mechanism of the samples is largely through three-dimensional thermally activated variable range hopping of charge carriers among the localized states. 20 Preferable sites to take up charge carriers under an electric field in this circumstance are energetically driven, which, generally speaking, are spatially farther apart than the nearest neighbors, but are closer to each other in their energy states. This is in contrast with the pristine PBCO samples, which typically follow the conventional thermal excitation; a comparative study will be addressed elsewhere in a separate report. Here, we point out that the values of 0 and k B T 0 , k B being the Boltzmann constant, are about 10 n⍀ cm and 2 keV for the films while 0.1 f⍀ cm and 15 keV for the target material, respectively, as extracted from the (T) data.
The exact reasons for the extremely small values of 0 and large values of k B T 0 are difficult to assess without further knowledge of their electronic structures. However, it is probably safe to adopt a noninteracting-carrier scenario, in which no Coulomb gap exists as a result of the Coulomb repulsion since if it did then (T) would follow the (1/T) 1/2 law in lieu of (1/T) 1/4 , and argue that the carrier energy states center round the Fermi level, E f , in a temperature dependent narrow band of Ϯ 0 (T), as discussed by Shklovskii and Efros. 20 For the temperatures of interest, thermal energy ͑26 meV at 300 K͒ dictates the activation of hopping since the potential difference from an applied field of order 100 V/cm, say, is only on the 10-100 eV level over a hopping distance of 1-10 nm, as will be further discussed below. We now proceed to evaluate the consistency of these concepts using the (T) data of the film. Assuming that E f ϭ1 eV above the bottom of the conduction band, we have the density of state N(E f )Ϸ2. Ϸ20 meV at 300 K and 3.6 meV at 30 K, justifying the assumption that the hopping is mainly thermally assisted. Meanwhile, the average hopping distance is Rϭ(T 0 /T) 1/4 Ϸ2.7 nm at 300 K and R Ϸ8.5 nm at 30 K. Such numbers are about one-tenth of the mean free path of the charge carriers in many semiconductors.
In summary, we have grown c-axis oriented PrBa 2 (Cu 0.8 Al 0.2 ) 3 O 7 epitaxial thin films on ͑001͒ LAO substrates by rf sputtering. The transport mechanism of the film was found to be largely via thermally assisted variable range hopping among the localized states.
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